The effect of temperate glaciers on runoff variations is examined for the North Cascade Mountains of Washington State. The principal influences of glaciers on streamflow are often unexpected contributions to streamflow volume, a delay of the maximum seasonal flow, and a decrease in annual and monthly variation of runoff. The delay of maximum flow is caused by temporary englacial storage of spring meltwater and by peak meltwater production occurring in midsummer. The englacial storage, for one case, is 54% of the potential May runoff. An algorithm is presented that calculates the coefficient of va~at~on of runoff for a~y arbitrary glacier cover. The results suggest that a minimum in year-to-year vanatlon occurs for basms about 36% glacierized. On a month-to-month basis, maximum variation occurs in July and August for basins with less than 10% glacier cover but is a minimum for basins with glacier covers greater than 30%.
INTRODUCTION
Glaciers are frozen reservoirs of water. The residence time of potential runoff ranges from a few hours to thousands of years, depending on the size and type of glacier, the season of precipitation occurrence, and location on the glacier of initial precipitation deposition. The release of water from storage greatly affects the local hydrologic cycle by contributing to streamflow in otherwise low flow periods. Understanding these effects on basin runoff is of both theoretical and practical importance. For example, hydroelectric power generation hinges on the quantity and timing of the water supply, and the efficient operation of the facility depends on the prediction of these factors. The prediction of runoff is not easy in simple basins, and the presence of glaciers greatly complicates the situation. The study of glacier runoff also concerns water flow through glaciers, which influences glacier movement [Paterson, 1981] .
In the state of Washington there are more than 1,000 glaciers [Post et al., 1971] , and as the hydroelectric potential and other water uses in the state become fully realized, the importance of glacier runoff will increase. One of the first to deal with the influence of glaciers on runoff in the Pacific Northwest was Henshaw [1933] who found a lower annual (year-toyear) variation of runoff from glacierized basins. Meier and Tangborn [1961] demonstrated a longer delay in the summer runoff maximum from increasingly glacierized basins. They also elucidated the effect of glaciers in compensating for the year-to-year variation in precipitation, whereby a glacier will produce more meltwater in a warm and dry year than in a cool and wet one, thus reducing the annual fluctuations of runoff. The occurrence, in July and August, of peak runoff from a Pacific Northwest glacier was shown by Meier [1969] to coincide with a seasonal minimum in cloud cover during a period of high insolation and low snow/ice albedo. The summer-to-summer (May-Sept) variation of runoff was compared with the basin fraction of glacier cover by Krimmel and Tangborn [1974] ; they showed that the minimum variation in Copyright 1985 by the American Geophysical Union.
Paper number 4Wl53l. 0043-1397/85/004W-1531$05.00 runoff occurs at about 30% glacier cover. Meier and Tangborn [1961] , Meier [1969] , and Krimmel and Tangborn [1974] all discussed the independence of annual runoff variation, in partially glacierized basins, from annual precipitation variation.
Although these studies have examined the influence of glaciers on runoff in the Pacific Northwest, it is the purpose of this paper to examine more fully the delay of runoff caused by glaciers and their effect on monthly and annual streamflow variation.
APPROACH
The salient features of glacial influence on basin runoff can be revealed by comparing runoff data from glacierized and nonglacierized basins [Meier and Tangborn, 1961] . The critical assumption in this comparison is that the precipitation characteristics of the glacierized and nonglacierized basins are similar. For this reason, the study is limited to a relatively small, well-defined region in the Pacific Northwest. Most of the glacierized basins in the state of Washington were identified by using two reports: Post et al. [1971] and Rasmussen and Tangborn [1976] . Several additional basins were identified from topographic maps. The nonglacierized basins were chosen in the same mountainous region as the glacierized ones and were selected on the basis of their area, altitude, and location. The most desirable unglacierized basins were those that had area and altitudes similar to the glacierized ones. The source of runoff data was the National Water Data Storage and Retrieval System, WATSTORE [U.S. Geological Survey, 1975] . All records were examined to eliminate those influenced by water diversion and regulation. Data from the compiled stations are presented in Table 1 . To supplement this data set and to serve as an independent check, data were used from climatically similar Southeast Alaska (Table 2) .
REGION DESCRIPTION
The study centered on the North Cascades region in the state of Washington, which for the purpose of this report is bounded on the northern edge by the Canadian border, by Mount Rainier on the southern edge, and extends from the eastern face of the North Cascade Range to the lowlands along Puget Sound (Figure 1) . Washington is the most gla- The climate of the western slope of the Cascades is maritime with typically mild winters of high precipitation and cool, drier summers. Snow accumulation of 8-10 m near an altitude of 2,000 m is common. On the eastern side the climate is more ~,tl"JJ.
,,l continental with colder winters, hotter summers, and much less precipitation. Maximum precipitation in both regions occurs during the winter, and the minimum occurs in midsummer. Because most of the winter precipitation at higher altitudes occurs as snow, the maximum runoff from glacierized basins is delayed until spring.
GLACIER CONTRIBUTION TO RUNOFF
The significance of glacial runoff to the volume of runoff from a basin is dependent on the "health" and size of the glaciers. A glacier in equilibrium neither grows nor shrinks and thus has little effect on the annual volume of streamflow.
If the glacier experiences a positive net mass change, however, some potential runoff is stored as ice, which diminishes the streamflow. This effect normally has little noticeable impact because a positive glacier balance usually occurs during a year of high precipitation, which produces a generous water supply. Runoff resulting from a glacier's net mass loss augments local streamflow, which can be especially important during periods of drought.
The relative effect of a glacier's mass loss on basin runoff can be calculated by multiplying the glacier mass balance (averaged over the glacier area) by the fraction of the basin glacierized and dividing by the mean specific runoff (volume divided by basin area) from an unglacierized basin of similar precipitation characteristics. The unglacierized basin's runoff is used as an approximation of what the subject basin would yield in runoff were it not for the presence of the glacier. The results of this calculation, percent increased runoff, are shown in Figure 2 as a function of percent glacier cover and mean runoff from an unglacierized basin, given a glacier annual mass balance value of negative 1 m water equivalent (WEQ). The shaded region concerns the North Cascades where no currently gauged basin exceeds 53% glacier cover. If a basin has a 20% glacier cover and the unglacierized basins nearby have a mean annual runoff of 2 m, then the annual runoff from the glacierized basin would be increased by about 10% for a 1-m WEQ glacier mass loss. Most of this meltwater occurs during July and August when the skies are less cloudy and precipitation is low [Meier, 1969] . The unglacierized runoff, however, is low during these months and constitutes often less than 15% of the annual runoff. If glaciers are present and cover 20% of the basin area, then the increase in runoff for the summer period will be as much as 50%.
PEAK RUNOFF DELAY
The delay of the peak summer flow is shown by plotting the monthly fraction of mean annual runoff for basins of different glacier cover (Figure 3) . A monthly runoff record for a hypothetical basin of 100% glacier cover was generated by subtracting an adjusted value of the monthly discharge from a basin of 0% glacier cover, Salix (station 1812), from the discharge from a basin of 53% glacier cover, South Cascade (1811), and dividing by the area of the glacier. The adjusted value is the ratio between the ice free area of South Cascade and the area of Salix. Salix basin is located adjacent to South Cascade basin and both are similar in altitude and precipitation accumulation. The unglacierized basin (station 1140) shows a bimodal annual distribution of runoff caused by a winter maximum in precipitation that occurs as rain at the lower altitudes of the basin and a spring maximum from melting of the snowpack at higher altitudes. For unglacierized basins the maximum runoff occurs in May. For glacierized basins, however, maximum runoff occurs later and later as the percentage of glacier cover increases. The delay is caused, in part, by later snow melting with increasing altitude. A plot (not shown) of the time of peak seasonal flow occurrence from an unglacierized basin as a function of basin mean altitude shows this relationship to be linear and of small influence in comparison with the parabolic relationship between time of maximum seasonal runoff and percent glacier cover (Figure 4) . The reasons for a glacier-caused delay in runoff can be found by examining the elements of runoff.
In the North Cascades, the components of summer runoff are snowmelt and precipitation; if glaciers are present, icemelt and water released from internal glacier storage [Stenborg, 1970; Tangborn et al., 1975; Larson, 1978] also contribute. The principal components of runoff from glacierized basins are snowmelt [Rasmussen and Tangborn, 1976] and icemelt, whereas precipitation and the release of water from internal storage are relatively small contributions to summer streamflow. The quantity of meltwater from an unglacierized basin is limited by the snowpack volume. In contrast, a glacierized basin has a relatively unlimited meltwater source, and the quantity of melt produced is only limited by the available energy. The variation in meltwater production is controlled by solar radiation, cloud cover, and snow-ice albedo, and the combined effectiveness of these factors for meltwater production reaches a maximum in the North Cascades in late July and early August [Meier, 1969] . The snowpack generally disappears in much of the North Cascades by late June, already having made its significant contribution to runoff. A glacier, however, continues to melt at an increasing rate until midsummer. This peak melt rate in midsummer is one cause for the late appearance of maximum runoff from glacierized basins.
Another delay mechanism is the temporary internal liquid storage of meltwater in the glacier. Tangborn et al. [1975] runoff from the adjacent unglacierized basin (Salix) for the same period was 0.37 m. Thus 54% of the total possible May runoff was temporarily stored in the glacier before being released during the following months. One noteworthy observation of Figure 4 is that the maximum flow may be delayed as much as a month if the basin glacier cover changes from 5 to 15%, whereas it is delayed only about 2 more weeks as the glacier cover increases from 50 to 100%. This has important implications for hydroelectric site selection and for the effects of climate change on streamflow. If the climate changes, the glaciers will respond by changing size, which will result in a change in the time of appearance of the maximum streamflow, especially for basins with small glacier covers.
The scatter of points in Figure 4 , particularly below 1% glacierization, has two possible explanations. The aspect (direction which the basin faces) of the basin exerts an influence on the rate 9f meltwater production from a snowpack and may be important for nonglacierized basins. Glacierized basins in the North Cascades tend to be north-facing drainages, thus naturally eliminating the influence of aspect. The effect of basin altitude, while not as important an influence on peak flow delay as the effect of glacier cover, is a significant factor in nonglacierized basins. The combined influence of aspect and altitude may cause the large degree of scatter observed in the nonglacierized basins, and those with only minor glacier cover.
VARIATION
The variations in runoff from basins of different discharges were compared by a dimensionless parameter, the coefficient of variation (C). It is calculated by dividing the standard deviation of the runoff by the mean:
The annual coefficient of variation, calculated from annual specific runoff values, was plotted for each station (Tables 1  and 2 ) versus the percent glacier cover of the basin ( Figure 5 ). The variation seems to decrease with increasing basin glacierization, but unfortunately not enough data are available to define the relationship over the entire range of possible glacier coverages, despite the addition of data from the climatically similar southeast Alaska.
A scheme was developed to create runoff records for hypothetical basins of any glacier cover by combining the specific runoff records of two basins having known but different glacier cover. The resulting glacier cover of the hypothetical basin depends on the fractional combination of the two original records. This procedure is analogous to having a number of gauging sites on the same river, successively downriver from its source at the glacier. The mathematical technique is a linear combination of variables whose result has statistical properties that depend on the statistics of the original variables and allows extrapolation to any fraction of glacierization. To determine this curve, define the linear combination
where G and U are specific runoff values of a completely glacierized basin and glacier-free basin, respectively. X is the estimated runoff from a basin with a fraction, f, of the total area covered by glaciers. The mean and variance of X are
2 Vu + 2/(1-f)r 6 uF.JVu [Ostle and Mensing, 1975] . The bar indicates a mean value, V is the variance, and r 6 u is the correlation between G and U. These equations can not be implemented because of the lack of runoff records from completely glacier covered basins. However, a slightly different approach can be used to reach the same results. Define a different linear combination with weights a 1 and a 2 :
( 2) where R 1 and R 2 are specific runoff values of two basins of different glacier cover. Because the weights are constrained by a 1 + a 2 = 1, the value for the weight a 1 may be calculated from (3) where / 1 and / 2 are the fractions of glacier cover in basins with runoff R 1 and R 2 to give f as the glacier cover of the combined basin. Equation (3) [Ostle and Mensing, 1975] . The bar indicates a mean value, V is the variance, and r 12 is the correlation between R 1 and R 2 • It is readily apparent that (5) and (6), which use runoff records from two basins of any glacier cover, are a generalization of the former equations using runoff records from two basins, one of which is completely glacier covered and the other is glacier-free. It can be shown that the relationship between the two approaches is
Theoretically, V 6 , Vu, and (r GuP. Fv> are constant for different values of V 1 , V 2 , and r 12 y'v; ..jV;) within any region of similar hydrological characteristics. However, because apparent values of V 6 , Vu, and (r GuP. Fv> will probably differ for different initial basins, expectation values can be calculated for th<;...&eo~phic region under study. Solving for V 6 , Vu, and (r Gu.../ V 6 .,j Vu) yields
Substituting (5) and (6) The records used in calculating C as a function of glacier cover were Salix (1812) and South Cascade (1811), because they are neighboring basins having similar precipitation characteristics but large differences in glacier cover, 0 and 53%, respectively. The calculated curve in Figure 5 exhibits a minimum of 0.08 at 36% glacier cover and at the extremes of glacier cover, 0 and 100%, have similar maximum values of 0.20 and 0.18. The 0.12 decrease in runoff variation between 0 and 36% glacier cover can be significant for hydroelectric facilities without a large reservoir. The Pacific Northwest coast is blessed with plentiful and relatively dependable precipitation, so the variability of runoff from unglacierized basins is low, whereas in more arid regions the streamflow variations from unglacierized basins are much larger. Data from basins in Northwest China [Zuming, 1982] show that unglacierized basins have annual specific runoff variations of about 0.40, but some of the partially glacierized basins have variations of about 0.10. The 0.30 decrease in variation of annual streamflow from glacierized basins in this region strongly suggests locations for facilities that depend on a reliable source of water such as for hydroelectric development and intensive farming. The coefficient of variation data, derived from the work by Zuming [1982] , when plotted as a function of percent basin covered by glaciers, is similar to the results shown in Figure 5 , which suggests the general applicability of the technique in spite of climatic differences.
The estimation of the coefficient of variation versus glacier cover gave similar results for different pairs of basins as long as they were both. mountainous basins of more than about 10% difference in glacier cover. Estimation values for V 6 and r Gu can not be calculated for the North Cascades because a data set consisting of many pairs of basins with a wide range of glacierizations does not exist. However, several basins of is approximately 0.79 ± 0.05, r 6 u is -0.60 ± 0.02, and C at f = 1 is 0.17 ± 0.02.
The sensitivity of this technique of estimating the statistics G, V 6 , and C of a completely glacier covered basin is fairly small. A 5% error in the estimate of glacier cover for South Cascade results in a 3% error in both the mean, G, and C, and a 14% error in V 6 . A 5% error in the area of South Cascade basin, which affects the conversion from volume to specific ·runoff, results in an 8% error in G, a 7% error in V 6 , and a 6% error in the coefficient of variation, C.
To examine the seasonal difference in the effect of glaciers on runoff, the coefficient of variation was calculated for each month. Figure 6 shows the monthly coefficient of variation for three basins of different glacier cover. The monthly coefficient of variation for the unglacierized basin (station 1610) is typical of those in the North Cascades. The minimum in April and May is caused by variations in the spring snowmelt compensating for the deviations in precipitation. The snowmelt rate is greater during drier, warmer periods than during wetter, cooler ones, thus reducing the streamflow variation. During July, August, and September the monthly runoff is most variable because of the irregular nature of the convective storms, which bring much of the rainfall during this season, and because of the lack of the moderating influence of a melting snow cover.
The monthly streamflow variation for a basin (station 1755) 14.2% glacierized is much different from that of a nonglacierized basin. The variation in the monthly flow is fairly small during the summer, reflect~ng the compensating effects of melting glacier ice.
The runoff of a hypothetical, completely glacierized basin was estimated, from Salix and South Cascade, as before, for peak runoff delay. The graph shows a spring maximum and summer minimum in runoff variation. The C values for April and May are somewhat speculative because of assumptions made about the relationship of the unglacierized runoff to the glacierized runoff during these months. The glacial storage of water during the spring disrupts the melt-runoff relationships that hold for the rest of the year. This situation renders the simple runoff estimation useless because more water flows per unit area from an unglacierized basin than a glacierized one. Several assumptions concerning meltwater from different parts of the basin were made to correct this imbalance, resulting in speculative answers. If the results are reasonable, then the highly variable spring runoff, which stabilizes in May as the glacial discharge increases, may be caused by the irregular nature of water storage in glaciers. Another factor influencing the runoff variation may be the year-to-year change in the start of the melt season. The minimum variation in late summer is to be expected, when runoff produced by icemelt compensates for lack of precipitation. The estimated C values for this hypothetical glacier covered basin are, in general, more variable than for the other two less glacierized basins.
SUMMARY
Glacier modulation of runoff is manifested in the delay of runoff caused by its temporary storage of water as ice. The release of this stored water results in a volume contribution to mean runoff, particularly during drought years. If a glacier has a negative balance year of 1 m WEQ and a basin is 20% glacier covered, runoff can be 10% greater than would be expected from a nearby comparably sizeq unglacierized basin of similar precipitation characteristics. This assumes an unglacierized runoff value of 2 m, which is typical for the North Cascades. Because the ice melts during the summer, this same balance value increases summer runoff by about 50% over an unglacierized basin, assuming 15% of the annual unglacierized runoff occurs during July and August.
The presence of glaciers in a basin also delays the time of maximum seasonal runoff. This delay is caused by temporary liquid storage of spring meltwater in the glacier, which is released later in the summer, and by the peak meltwater production occurring in midsummer. In May 1970, the storage of spring meltwater in South Cascade Glacier accounted for 54% of the total potential May runoff. The change in runoff delay is greater for differences in glacierization of basins with small glacier cover and smaller in basins with large cover. For example, the maximum runoff of a 7% glacierized basin occurs almost a month after that of a nonglacierized basin, whereas the maximum runoff from a 100% glacier-covered basin is only 2 weeks later than from a basin that is 50% glacierized.
The annual coefficient of variation changes with the fraction of glacierization. The existing data set was too sparse to permit direct analysis, so an algorithm, based on the statistics of annual runoff from two basins of different glacier cover, was used to estimate the coefficient of variation of runoff for a basin with any glacier cover. The results show that the coefficient of variation decreases rapidly with increasing glacierization at small glacier covers, reaching a minimum at 36% glacier cover. The variation then increases with increasing glacierization to 100% glacier cover, at which point the variation is almost equal to that of a nonglacierized basin.
The monthly runoff variations show a minimum in April through May for unglacierized basins, and a maximum in March and April for basins 100% glacierized. The minimum is caused by snowmelt compensating for rainfall variations in unglacierized basins, and the maximum, if not an artifact of the analysis, may be caused by irregular water storage in the glacier, resulting in a greater variation in runoff from highly glacierized basins. The minimum coefficient of variation occurs in July, August, and September, when the icemelt compensates for deviations in precipitation, and appears for basins with more than about 10% cover.
SUGGESTIONS FOR FURTHER WORK
One of the interesting implications of this study is the possibility of inferring the change in area of glaciers from the runoff records of a basin. The timing of the maximum summer flow and how it has changed over a number of decades might be used to infer changes in glacier cover if the area of the basin covered by glaciers is known at any one time. The recent glacial history may be inferred for those regions that lack good aerial photographic documentation.
